Abstract. Egl-9 family hypoxia-inducible factor (HIF)3/prolyl hydroxylase 3 (EGLN3/PHD3) serves a role in the progression and prognosis of cancer. PHD3 is able to induce apoptosis in HepG2 cells. In the present study, the protein levels of PHD3 and HIF2α were analyzed by western blot analysis and immunohistochemistry in 84 paired hepatocellular carcinoma (HCC) tissues and adjacent non-tumor liver tissues. The mRNA levels of PHD3 and HIF2α were analyzed by reverse transcription-quantitative polymerase chain reaction. PHD3 was overexpressed in HCC tissues compared with adjacent liver tissues (mRNA expression: P<0.001; protein expression: P=0.003; immunohistochemistry positive rate: P=0.001). The high level of expression of PHD3 in HCC tissues was associated with good differentiation (mRNA expression: P=0.002; protein expression: P<0.001) and small tumor size (mRNA expression: P<0.001; protein expression: P=0.002). In addition, HIF2α expression was lower in HCC tissues compared with adjacent liver tissues (mRNA expression: P<0.001; protein expression: P=0.002; immunohistochemistry positive rate: P= 0.002). No statistically significant associations were identified between HIF2α expression and clinicopathological characteristics. Pearson's and Spearman's correlation coefficients revealed no correlation between HIF2α and PHD3 expression in HCC. In conclusion, PHD3 expression acts as a favorable prognostic marker for patients with HCC. There is no correlation between PHD3 and HIF2α expression in HCC.
Introduction
Hepatocellular carcinoma (HCC), the most common histological subtype of liver cancer, is the fifth most frequently diagnosed malignancy in males worldwide and the seventh most commonly diagnosed carcinoma in females (1) . The cancer-related mortality rate of HCC ranked second in men and sixth in women (1) . In total, ~85% of HCC cases have occurred in developing countries (2) . The incidence of HCC has increased in certain low-incidence countries (2) . Furthermore, the prognosis of HCC is poor, with a 5-year survival rate of 11% (3) . Therefore, predictive and prognostic factors for the diagnosis and treatment of HCC should be identified.
Hypoxia is widely observed in numerous solid tumors, including HCC. Hypoxic regions may induce abnormal vascular structure, poor vascular permeability and blood shunting (4) . Furthermore, hypoxia is able to facilitate tumor progression and resistance to chemoradiation therapy (5) . Therefore, hypoxia is a key factor in enabling tumor cells to adapt to a decreased oxygen microenvironment (6) .
Transcription factors and hypoxia-inducible factors (HIFs), including HIF1α, HIF2α and HIF3α, regulate gene expression in numerous tumor cells to adapt to a microenvironment of reduced oxygen (7) . HIF1α and HIF2α are highly expressed in a number of types of cancer, indicating the important roles of these HIFs. However, the role of HIF2α in HCC remains controversial (8) (9) (10) (11) (12) . A number of studies have reported that HIF2α overexpression is associated with poor prognosis (8-10), however Sun et al (11) reported the opposite results. Previously, Yang et al (12) revealed that there was no correlation between HIF2α and prognosis in patients with HCC.
HIF degradation is performed using HIF prolyl hydroxylase 1-3 (PHD1-3) enzymes under normoxic conditions (13) . PHDs consist of three types: PHD1 [Egl-9 family hypoxia-inducible factor 2 (EGLN2)], PHD2 (EGLN1) and PHD3 (EGLN3). Among these PHDs, PHD3 is most efficient at regulating HIF2α compared with other HIFs (14, 15) . However, these studies were performed in vitro under normal oxygen conditions. It is well established that cancer is a chronic hypoxic process (16) . The present study aimed to explore the association between PHD3 and HIF2α expression in HCC (under hypoxic conditions). Several studies have demonstrated that PHD3 serves a novel role in the progression and prognosis of cancer (15-24); PHD3 is also able to induce apoptosis and inhibit proliferation in cancer cells (22) (23) (24) (25) (26) (27) (28) (29) . To the best of our knowledge, the present study is the first to report that PHD3 overexpression induces apoptosis and inhibits growth and proliferation in HCC cells. However, no reports are available regarding the expression and prognostic significance of PHD3 in patients with HCC. In addition, the potential correlation between PHD3 and HIF2α under hypoxic conditions remains unclear. In the present study, the association of PHD3 and HIF2α expression with clinicopathological characteristics was analyzed in 84 patients with HCC, and the correlation between PHD3 and HIF2α was evaluated.
Materials and methods
Patients and tissue samples. Tumor and adjacent non-tumor liver tissues were obtained from 84 patients with HCC who underwent curative surgery between January 2012 and May 2013 at the Affiliated Hospital of Guangdong Medical University (Guangdong, China). The selection criteria were as follows: i) Patients with HCC provided written informed consent; ii) sample diagnosis was confirmed by two pathologists; iii) the patients had not received any anticancer therapy prior to surgery and iv) they had not suffered from a second cancer type. Paired tumor tissues and adjacent non-tumor liver tissues for immunohistochemical (IHC) analysis were fixed in 4% buffered formaldehyde at room temperature for 24 h and processed into paraffin blocks. The samples for the western blot and reverse transcription quantitative polymerase chain reaction (RT-qPCR) assays were snap frozen in liquid nitrogen for 5 min after surgical removal and then stored at -80˚C. RT-qPCR assay. Total RNA was extracted from snap-frozen paired tumor and adjacent non-tumor liver tissues using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), and complimentary DNA was synthesized using a PrimeScript ® RT reagent kit with gDNA Eraser (Takara Bio, Inc., Otsu, Japan) in accordance with the manufacturer's protocol. qPCR was performed using SYBR ® Premix Ex Taq™ II (Takara Bio, Inc.). Gene-specific primer pairs were designed and synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). The following primers were used in this study: β-actin forward, 5'-CTG TGC CCA TCT ACG AGG-3' and reverse, 5'-ATG TCA CGC ACG ATT TCC-3'; PHD3 forward, 5'-CAT CAG CTT CCT CCT GTC-3' and reverse, 5'-CCA CCA TTG CCT TAGA CC-3'; HIF2α forward, 5'-TGC GAC TGG CAA TCA GCT-3' and reverse, 5'-CAC CAC GGC AAT GAA ACC-3'. The thermocycling conditions were as follows: One cycle at 95˚C for 30 sec and 40 cycles at 95˚C for 5 sec and at 60˚C for 34 sec. Data were analyzed using the 2 -ΔΔCq method (31) .
Western blot analysis. Total proteins were extracted from paired tumor and adjacent non-tumor liver tissues using radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Haimen, China Im munohistochemical assay. For malin-fixed and paraffin-embedded blocks were cut into 4 µm-thick sections and baked at 60˚C for 2 h. These sections were deparaffinized twice in xylene for 12 min and then rehydrated with a gradient of ethanol solution. Antigen retrieval was performed using a citric acid buffer in a microwave for 10 min, and endogenous peroxidase activity was blocked by 3% H 2 O 2 at room temperature for 15 min. Afterwards, the sections were incubated with the corresponding primary antibodies (HIF2a, 1:150, ab8365; PHD3, 1:150, ab77610) overnight and a secondary antibody (HRP-labeled Goat Anti-Rat IgG, cat. no. a0192, 1:1,000, Beyotime Institute of Biotechnology, Haimen, China) at room temperature for 30 min in turns. The sections were stained with diaminobenzidine reagent (DAB; Boster Biological Technology, Ltd., Wuhan, China) at room temperature for 10 min and hematoxylin at room temperature for 2 min. Sections were visualized using the positive signal of The sections were counterstained with hematoxylin, rehydrated with a gradient of ethanol, treated with xylene, and then embedded in neutral resin. The immunoreactivity of PHD3 and HIF2α was evaluated as follows: Five random microscopic fields were observed using light microscopy at x400 magnification (CKX41; Olympus Corporation, Tokyo, Japan). The percentage of immune-stained cells were counted, and the mean percentages and intensities were calculated. The score was based on the percentage of immune-staining cells (0, <10%; 1, 10-30%; 2, 31-60%; and 3, >61%). Another four-grade scoring scale was performed on the basis of the intensities of immune-staining cells (0, lack of any immunoreactivity; 1, light-yellow; 2, yellow-brown; and 3, brown). The final score was calculated (percentage of immune-staining cells x staining intensity of immune-staining cells) as negative (0-3) or positive (≥4).
Statistical analysis. Data were analyzed using SPSS software (version 17.0; SPSS, Inc., Chicago, IL, USA). The values are presented as the mean ± standard error of the mean. Statistical comparisons between two groups were performed using the χ 2 or Student's t-test. Furthermore, correlations between PHD3 and HIF2α were assessed using Pearson's or Spearman's correlation coefficient. P<0.05 was considered to indicate a statistically significant difference. Finally, experimental charts were created using GraphPad Prism (version 5; GraphPad Software, Inc., La Jolla, CA, USA).
Results

Association between PHD3 expression and clinicopathological characteristics in HCC.
The mRNA and protein expression levels of PHD3 were evaluated from 84 paired tissues by RT-qPCR and western blot analysis, respectively. The mRNA and protein expression levels of PHD3 were significantly higher in HCC tissues compared with adjacent non-tumor liver tissues (average mRNA expression: 8.441±1.932 vs. 1.000±0.123, P<0.001; average protein expression: 1.016±0.278 vs. 0.896±0.241, P=0.003; Fig. 1 ). Subsequently, the association between PHD3 expression and clinicopathological parameters in HCC was analyzed (Table I) . The mRNA and protein expression levels of PHD3 were negatively associated with tumor size (mRNA, P<0.01; protein, P=0.002) and Edmonson grade (mRNA, P=0.002; protein, P<0.001). Furthermore, no significant association was detected between PHD3 expression and other clinicopathological parameters, including age, sex, AFP, TNM stage and portal vein tumor thrombus status.
The positive rate of IHC staining in 84 paired HCC tumor tissues and non-cancerous tissues revealed a significantly higher expression of PHD3 in HCC tissues compared with non-cancerous tissues (P=0.001; Fig. 2 
Association between HIF2α expression and clinicopathological characteristics in HCC.
A total of 84 paired tissues were subjected to RT-qPCR and western blot analyses. The average expression of HIF2α significantly decreased in HCC tissues in comparison with non-tumor tissues (average mRNA expression: 0.599±0.121 vs. 1.005±0.155, P<0.001; average protein expression: 0.862±0.458 vs. 1.067±0.369, P=0.002; Fig. 1 ). IHC staining of the 84 paired sections of HCC and non-tumor tissues demonstrated that the HIF2α expression of HCC was lower compared with non-tumor tissues (P=0.002; Fig. 2 ; Table IV ). Subsequently, the effect of HIF2α expression on the clinicopathological parameters of the patients was analyzed. No statistically significant associations were identified between HIF2α expression and the clinicopathological parameters considered in the present study (Tables II and III) . Table I . Association between PHD3 expression and clinicopathological parameters in HCC. Correlation between PHD3 and HIF2α. Pearson's correlation coefficient was calculated to determine the correlation between the average mRNA and protein expression of PHD3 and HIF2α. No statistically significant correlations were identified between PHD3 and HIF2α mRNA expression (r=0.004 and P=0.968) or protein expression (r=0.052 and P=0.642). In addition, Spearman's coefficient analysis revealed no statistically significant correlation between the IHC staining results of PHD3 and HIF2α (r=-0.137 and P=0.213).
---------------------------------------------------------
Discussion
To the best of our knowledge, the present study is the first to evaluate the prognostic effect of PHD3 on HCC. RT-qPCR, western blot analysis and immunohistochemistry were performed and PHD3 expression was demonstrated to be higher in HCC tissues compared with adjacent non-tumor liver tissues. Decreased expression of PHD3 was identified to be associated with poor differentiation and large tumor size. To date, numerous studies have revealed that PHD3 is associated with a favorable prognosis (15) (16) (17) (18) (19) 22, 24) . For instance, Peurala et al (15) assessed the IHC expression of PHD3 in 102 breast cancer samples and revealed that the decreased expression of PHD3 correlates with poor differentiation, high proliferation and large tumor size. Tanaka et al (17) demonstrated that high PHD3 expression is correlated with a favorable recurrence-free survival in patients with renal cell carcinoma. Furthermore, Chen et al (19) identified that PHD3 is upregulated in non-small-cell lung cancer (NSCLC), and this observation is associated with early-stage cancer and good differentiation. Xue et al (24) also revealed that PHD3 expression decreases in colorectal cancer and is associated with poor tumor grade and metastasis. In gastric cancer, high PHD3 expression correlates with good differentiation and with a favorable tumor grade and size (18, 22) . By contrast, Gossage et al (21) demonstrated that PHD3 exhibits a trend toward an unfavorable overall disease-specific survival in pancreatic cancer. Andersen et al (20) also reported that high PHD3 expression is associated with poor disease-specific survival in NSCLC.
Given the increasing number of observational studies on PHD3, considerable attention has been focused on the mechanism of PHD3 (17, 18, (24) (25) (26) (27) (28) . Su et al (18) revealed that PHD3-induced apoptosis is dependent on nerve growth factor by activating caspase-3 in pancreatic cancer. Furthermore, PHD3 is able to inhibit cell growth by blocking β-catenin/T-cell Table II . Association between PHD3 and HIF2α expression and clinicopathological parameters in HCC (detected by immunohistochemistry). factor signaling in gastric cancer and suppressing the inhibitor of nuclear factor κB (NF-κB) kinase β subunit/NF-κB signaling in colorectal cancer (22, 24) . PHD3 is also able to be regulated by the phosphatidylinositol-3-kinase (PI3K)/Akt/mechanistic target of rapamycin (mTOR) pathway in renal cell carcinoma (17) . Recent studies have demonstrated that PHD3 suppresses tumor growth by regulating the epidermal growth factor receptor activity (26, 27) . In our previous study, a vector containing the PHD3 gene was transfected into HepG2 cells and PHD3 overexpression was revealed to inhibit cell proliferation and induce apoptosis by activating caspase-3 (28) . Furthermore, stably PHD3-overexpressing HepG2 cells were injected into nude mice and the average tumor size of the PHD3 overexpression group was identified to be larger compared with the control group (25) . Accordingly, the functions of PHD3 were confirmed by the present study.
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Numerous studies have reported the correlation of HIF2α with carcinogenesis and tumor progression. However, the mechanism underlying HCC remains inconsistent. Bangoura et al (8) reported that a high expression of HIF2α correlates with poor clinicopathological characteristics and a short cumulative survival. Sun et al (11) demonstrated that a high expression of HIF2α induces apoptosis through the TFDP3/E2F1 pathway and correlates with an increased overall survival. Notably, Yang et al (12) identified no association between HIF2α and clinicopathological characteristics, overall and disease-free survival. The results of the present study were similar to those of Yang et al (12) . Additionally, the correlation between PHD3 and HIF2α expression was analyzed in the present study. RT-qPCR, western blot analysis and immunoreactivity analyses were performed and no statistically significant correlation was identified between PHD3 and HIF2α expression. Furthermore, HIF degradation was previously conducted using HIF PHD enzymes under normoxic conditions (13) . However, the activation of PHD3 may be inhibited under the chronic hypoxic conditions of HCC. Additionally, PHD3 may be associated with another pathway. Our previous study revealed that PHD3 overexpression could not regulate HIF2α expression in HpG2 cells (28) . Furthermore, Tanaka et al (17) demonstrated that PHD3 is able to be regulated by the PI3K/Akt/mTOR pathway independently of HIF proteins in renal cell carcinoma. Therefore, PHD3-induced apoptosis may independently affect HIF2α proteins in HCC.
In conclusion, the present study assessed PHD3 and HIF2α expression in 84 paired HCC and adjacent non-tumor liver tissues. The high average expression of PHD3 was associated with good differentiation and small tumor size. Therefore, PHD3 expression acts as a favorable prognostic marker for patients with HCC. No correlation was identified between PHD3 and HIF2α expression in HCC. 
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